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| INTRODUC TI ON
Hepatorenal syndrome (HRS) is a unique type of acute kidney injury (AKI), currently known as (HRS-AKI), which develops in patients with decompensated cirrhosis and is considered a very severe complication of the disease at the end of the spectrum of complications of cirrhosis. 1, 2 A large body of evidence demonstrating that circulatory dysfunction plays a key role in the pathophysiology of HRS-AKI. [2] [3] [4] It has been shown that HRS-AKI occurs as a consequence of an intense renal vasoconstriction with marked reduction in renal blood flow and glomerular filtration rate (GFR), which is pathogenically related to a striking splanchnic arterial vasodilatation with activation of major vasoconstrictor systems, as a consequence of portal hypertension. 4, 5 Administration of vasoconstrictors, particularly terlipressin, in association with albumin, improves circulatory function and is able to return renal function to baseline values in many patients, which confirms the major role of circulatory dysfunction with arterial vasodilation in the pathogenesis of kidney impairment in HRS-AKI. 6, 7 In recent years, it has become increasingly evident that cirrhosis is a condition with marked systemic inflammatory state, which appears to increase with disease progression, from compensated to decompensated cirrhosis, and is related to patient outcome. 8, 9 Some clinical studies have assessed inflammation by measuring leucocyte count or C-reactive protein (CRP) levels, 10 while others have assessed the prevalence of systemic inflammatory response syndrome (SIRS) 11 ;
however, these methods are not very accurate in the evaluation of inflammation. Besides, studies in experimental animals have also demonstrated the existence of systemic inflammation that is more conspicuous in animals with ascites compared to those without. 12 Finally, few studies have evaluated a large number of inflammatory cytokines and confirmed the presence of systemic inflammation, as estimated by increased plasma levels of relevant cytokines involved in inflammation, which increase with disease progression. 8, 13, 14 The hypothesis, therefore, has been raised that cirrhosis is a disease characterized by marked and progressive systemic inflammation that may play a role in the development of complications of the disease. 15 However, so far there is lack of information regarding the presence, extent and significance of inflammation in patients with HRS-AKI.
Given that HRS-AKI is considered the hallmark of the disease, this information may be relevant not only with respect to pathogenesis but also for identification of potential targets of therapy to prevent disease progression.
On this background, the aim of our study was to assess the existence of systemic inflammation, as estimated by plasma levels of a large number of inflammatory cytokines, in patients with HRS-AKI and investigate the relationship between inflammation and kidney and patient outcomes. Because systemic inflammation is common in ACLF and patients with HRS-AKI frequently meet diagnostic criteria of ACLF, the role of this latter condition as potential cause of inflammation in HRS-AKI was also assessed.
| PATIENTS AND ME THODS

| Patient population and study design
One-hundred and sixty-five episodes of AKI occurring in 161 patients with decompensated cirrhosis admitted to the Liver Unit of Hospital Clinic were investigated in the current study. These patients were selected from a prospective database with Biobank collection resolution of HRS-AKI. VCAM-1 was also an independent predictor of 3-month mortality. A systems biology analysis approach showed that the inflammatory status of HRS-AKI was similar to that of chronic nonhepatic inflammatory conditions, such as lupus erythematosus or inflammatory bowel disease.
Conclusion:
Hepatorenal syndrome is characterized by a marked systemic inflammatory state, reminiscent of that of nonhepatic inflammatory diseases, that correlates with patient outcomes.
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LAY SUMMARY
• Hepatorenal syndrome, a type of renal dysfunction that occurs at the end stage of cirrhosis, is characterized by a marked systemic inflammatory state.
• Lack of resolution of renal impairment and short-term mortality are associated with increased levels of some inflammatory markers; IL-6, IL-8, TNF-α, ICAM-1 and particularly, VCAM-1.
• A systems biology analysis approach showed that the inflammatory status of hepatorenal syndrome was similar to that found in chronic nonhepatic inflammatory diseases, such as lupus erythematosus or inflammatory bowel disease.
that includes consecutive patients with cirrhosis admitted to hospital for treatment of an acute decompensation of the disease. Three groups of subjects were identified randomly from the database: (1) patients with decompensated cirrhosis without AKI (N = 44), (2) patients with hypovolaemia-induced AKI (N = 63) and (3) patients with HRS-AKI (N = 58). Forty-one of the 58 patients (71%) with HRS-AKI met the classical criteria of type-1 HRS. 16 Exclusion criteria were previous kidney/liver transplantation, chronic haemodialysis before admission, hepatocellular carcinoma outside the Milan criteria or any other advanced malignancy, and lack of inform consent.
Demographical, clinical and analytical data were collected prospectively at admission and at regular intervals during hospitalization, and patients were followed up for at least 3 months after discharge.
Blood and urine samples were collected at the time of inclusion in this study. Moreover, in 27 patients with type 1-HRS, samples were also collected after treatment with terlipressin and albumin (median time between the two sample collections was of 7 days). Blood was centrifuged at 2000 g, at 4°C, for 10 min, and plasma was stored at −80°C until analysis. All samples were stored at the Biobank as required by Spanish legislation. This study was approved by the Institutional Review Board of our centre, the research Ethic Committee of the Hospital Clínic of Barcelona (HCB/2017/0285), and all patients signed a written informed consent for participation in this study.
| Multiplex cytokine assay
The following 18 cytokines and vascular adhesion molecules were determined in plasma with the Luminex® Immunoassay Kit were excluded from statistical analyses because their levels were out of the detection limit in more than 30% of the samples.
| Definitions
AKI and ACLF were defined according to ICA 1 and CANONIC 17 definitions respectively (see Supplementary materials). test. Due to the lack of prior knowledge on the relevance of cut-off levels for quantitative variables, we decided to use the unsupervised criterion of the median value. Multivariate Cox regression was performed to identify the independent factors associated with mortality. There was no specific calculation of the sample size. However, based on previous experience studies in patients with cirrhosis, 14, 18 it was considered that more than 100 patients had to be included in this study to achieve a significant number of outcomes in terms of lack of AKI resolution and 3-month mortality. All statistical analyses were performed using SPSS statistical package, version 23.0. The significance level for all tests was set at 0.05 two-tailed.
| Statistical analysis
| Systems biology analysis
We used a systems biology approach based on artificial neural networks supervised algorithm (ANN algorithm) that measures the strength of relationships between groups of human proteins. 19 Measures are based on the topology of the network, and the training set is derived mostly from drug effects. The conditions used were those defined in BED (Biological Effectors Database, Anaxomics Biotech, Barcelona, Spain) a hand-curated collection of scientific knowledge relating biological processes to their molecular effectors.
The ANN algorithm provides a predictive score (from 0% to 100%) that quantifies the amount and strength of relationships between the evaluated proteins. Each score is associated with a P value that describes the probability of the results being a true positive result 19, 20 (see Supplementary materials).
| RE SULTS
| Baseline characteristics of patients
The baseline characteristics of patients with decompensated cirrhosis included in this study categorized into 3 groups (no AKI, hypovolaemia-induced AKI and HRS-AKI) are shown in Table 1 . Of interest, bacterial infections were more common in patients with HRS-AKI compared to the other two groups, a finding consistent with the known role of bacterial infections as triggering factors of HRS-AKI.
As expected, the frequency and severity of ACLF were higher in patients with HRS-AKI compared to that of patients with hypovolaemia-induced AKI.
| Systemic inflammatory response and cytokine levels
The prevalence of SIRS, leucocyte count and serum CRP levels were higher in patients with HRS-AKI compared to the other two groups ( Table 2) . With respect to cytokine levels, patients with HRS-AKI had a cytokine profile different from that in the other two groups, with statistically significant differences in the levels of several cytokines, including higher urinary levels of MCP-1 and plasma IL-6, TNF-α, VCAM-1, and IL-8, and lower levels of MIP1-α and fractalkine.
To further explore the cytokine profile of HRS-AKI, we assessed whether the increased cytokine levels found in these patients could be related to concomitant bacterial infections that were more common in this group of subjects. With this objective, we compared cytokine levels in patients with HRS-AKI categorized according to presence or absence of infection (42 and 16 patients, respectively) (Supplementary Table 1 ). Out of the 5 cytokines that were differentially increased in patients with HRS-AKI, only plasma IL-6 was significantly higher in patients with HRS-AKI associated with infections compared to those without infections (59 (21-180) vs 23 (12-55) pg/ mL, respectively, P = 0.02). However, it is possible that a further aggravation of the increased systemic inflammation during HRS-AKI associated with bacterial infections could not be detected due to the low number of patients with HRS-AKI without infections.
Next, we analysed whether severity of kidney impairment in HRS-AKI correlated with the intensity of systemic inflammatory response. Table 2 , categorization of patients with HRS-AKI in those who met the diagnostic criteria of type-1 HRS, the most severe form of HRS-AKI, and those who did not meet these criteria, showed no significant differences with respect to frequency of SIRS, leucocyte count and CRP, as well as cytokine levels. In the HRS-AKI group, serum creatinine levels did not correlated with inflammatory biomarkers, except for urinary levels of MCP-1 (r = 0.420, P = 0.002).
As shown in Supplementary
We also investigated whether reversal of kidney impairment in patients with HRS-AKI was associated with changes in cytokine profile. To this purpose, we compared cytokine levels before and after kidney function improvement in 24 patients with type-1 HRS treated with vasoconstrictors and albumin. As expected, serum creatinine decreased significantly after treatment (from 2.9 to 1.3 mg/dL; P < 0.001). Out of all cytokines evaluated, only plasma TNF-α and RANTES decreased significantly and MIP-1α increased with reversal of kidney dysfunction (Table 3) .
Since many patients with HRS-AKI meet the criteria of ACLF, we investigated whether the increased levels of inflammatory cytokines found in HRS-AKI were potentially related to the presence of concomitant ACLF. To this aim, we categorized patients with HRS-AKI according to the presence or absence of ACLF. As shown in Table 4 , patients with HRS-AKI with associated ACLF had levels of cytokines that were similar to those of patients with HRS-AKI without ACLF.
Moreover, the levels of cytokines did not correlate with ACLF severity, except for higher levels of IL-8 and ICAM-1 in patients with ACLF grades 2-3 vs those of patients with grade 1 ( Table 5 ). To further explore the relationship between AKI and ACLF, we compared inflammatory cytokine levels in patients with ACLF categorized according to AKI type, either HRS-AKI or hypovolaemia-induced AKI. Patients with ACLF associated with HRS-AKI had higher levels of IL-6, TNF-α and urinary MCP-1 and lower levels of fractalkine and MIP1-α compared to the hypovolaemia-induce AKI counterparts (data not shown). patients had persistent AKI. Patients with persistent AKI had significantly higher baseline leucocyte count and CRP levels and plasma IL-6 and VCAM-1 compared to those of patients with AKI resolution. In the group of patients with HRS-AKI, those with persistent AKI (27 patients, 47%) showed significantly higher leucocyte count and plasma levels of IP-10 and VCAM-1 compared to those who had resolution of HRS-AKI (31 patients, 53%), yet differences of these latter two cytokines were barely significant ( Table 6) . 
| Relationship of systemic inflammatory response and cytokine levels with kidney outcome and patient survival
| Comparison of cytokine profile in HRS-AKI with other chronic conditions using with systems biology approach
We used a systems biology approach based on artificial neural networks that measures the strength of relationships between groups of human proteins in order to compare the extent of systemic inflammation in HRS-AKI with that of other conditions characterized by well-defined and marked systemic inflammatory status.
Interestingly, the cytokine pattern of HRS-AKI was related to that of a number of inflammatory conditions, including cystic fibrosis, rheumatoid arthritis, systemic lupus erythematosus, Crohn's disease and ulcerative colitis (predictive value > 70) ( Figure 2 ).
| D ISCUSS I ON
The normalized by improvement of kidney function with pharmacological therapy. Interestingly, the intensity of the inflammatory response is correlated with kidney and patient outcomes in such a way that increased levels of some inflammatory markers, particularly VCAM-1, are associated with lack of resolution of AKI and mortality.
In the current study, a large number of consecutive patients with cirrhosis and HRS-AKI were investigated for the presence of systemic inflammatory response as assessed by a large number of inflammatory and anti-inflammatory cytokines using multiplex technology. A control group of patients with decompensated cirrhosis without AKI was included for comparison. A group of patients with decompensated cirrhosis with AKI due to hypovolaemia was also studied. This type of AKI was selected as comparator for HRS-AKI because in both conditions AKI is of prerenal origin, yet the underlying pathogenic cause is very different. While a contracted blood volume is the cause of renal hypoperfusion in the former, the impairment of kidney function in the latter is related to opposite circulatory features, namely markedly dilated vascular bed, particularly in the splanchnic circulation. [2] [3] [4] The results of the current study clearly show that as decompensated cirrhosis progresses towards HRS-AKI, there is progressive increase in inflammatory status with significantly increased levels of some powerful inflammatory cytokines. Previous studies have shown that plasma levels of inflammatory cytokines are significantly increased in decompensated compared to compensated cirrhosis, suggesting TA B L E 3 Systemic inflammatory markers and plasma and urine cytokine levels in patients with type 1 HRS-AKI before and after effective treatment with terlipressin and albumin the existence of an inflammatory driving force that occurs with the progression of the disease. 8, 9 Whether this inflammatory driving force is cause or consequence of progression of liver disease is not known. Our data confirm that this inflammatory status across decompensated cirrhosis increases even more as the disease progresses towards HRS-AKI which is considered one of the latest stages of cirrhosis, given its high mortality rate. Our data therefore are in agreement with the recently proposed theory of systemic inflammation driving the complications of cirrhosis. 15 Further support to this theory comes from our systems biology analyses showing that systemic inflammation in cirrhosis is similar to that found in some key chronic inflammatory conditions, such as inflammatory bowel diseases, rheumatoid arthritis or systemic lupus erythematosus.
One relevant issue of the current study is whether the increased inflammatory state observed in patients with HRS-AKI was due to 'hepatorenal syndrome' itself or the presence of concomitant ACLF, since it has been shown that the latter condition is characterized by a marked systemic inflammation. 13, 14 Two lines of evidence suggest that the increased inflammatory state is not related to ACLF. Firstly, patients with HRS-AKI but without ALCF had plasma cytokine levels that were not significantly different from those found in patients with HRS-AKI with ACLF. Moreover, cytokine levels were largely unrelated to ACLF grade. On the other hand, cytokine profile of patients with HRS-AKI was noticeably different from that of patients with ACLF associated with hypovolaemia-induced AKI, suggesting that cytokine profile was mostly related to 'hepatorenal syndrome'
and not to ACLF. Nevertheless, these findings should be taken with caution because of the relatively low number of patients included which prevented performing a propensity score matching analysis.
Further studies are needed to try to dissect out whether systemic inflammation is due to hepatorenal syndrome 'per se' or to ACLF, or both.
A final issue that deserves discussion is that patients in whom HRS-AKI persisted showed higher levels of some inflammatory markers, the most important of which appears to be VCAM-1. Moreover, VCAM-1 was also an independent predictive factor of survival in the whole series of patients. VCAM-1 is an inflammatory mediator that plays a central role in triggering the process of systemic inflammation in response to several stimuli by helping recruit inflammatory cells outside of the systemic circulation. 21 Few previous studies have shown the potential relevance of VCAM-1 as prognostic indicator of patients with cirrhosis. 22 Our results extend these observations by showing that among a large number of inflammatory markers, VCAM-1 plasma levels are associated with lack of resolution of HRS-AKI and poor survival. These results together with findings of a similar inflammatory profile compared to that of some inflammatory diseases shed light on the potential role of VCAM-1 and TNF-α as therapeutic targets in patients with advanced cirrhosis. 23 The current study has some limitations that should be acknowledged. Firstly, some cytokines, such as IL-10 and IL-1RA, were outside of the range detection limit established for the multiplex assay and could not be evaluated. The multiplex methodology allows the measurement of cytokines in little volume and in the same sample well. To achieve this multiplexing, the quantification of analytes is performed with serial dilutions of a common calibrator. Therefore, the individual adjustment of the detection limit for each analyte is In conclusion, patients with HRS-AKI have marked increase in systemic inflammatory profile compared to that of patients without AKI and hypovolaemia-induced AKI, which appears to be independent of associated ACLF, and similar to inflammation observed in key systemic inflammatory diseases, such as lupus erythematosus or inflammatory bowel disease. Interestingly, in patients with HRS-AKI, lack of AKI resolution and survival is linked to some specific cytokines, particularly, VCAM-1.
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